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The present day research is focussed on development of alternative binder materials to Ordinary Portland Cement (OPC) due to huge
emissions of green house gases associated with production of OPC. GGBFS-FA based geopolymer binders are an innovative alternative
to OPC which can obtain high strengths apart from being eco-friendly; since its production does not involve high energy and also con-
tributes to sustainability by using the industrial waste materials. Steel slag, an industrial by-product obtained from manufacture of steel
can be identiﬁed as an alternative to natural aggregates for concrete production, since there is a possibility of acute shortage of natural
aggregates in future. The present study is conducted to evaluate the performance of weathered steel slag coarse aggregates in GGBFS-FA
based geopolymer concrete. GGBFS-FA geopolymer concrete with steel slag coarse aggregates are prepared by replacing natural granite
aggregates at diﬀerent replacement levels i.e. 0%, 25%, 50%, 75% and 100% (by volume) and various fresh and mechanical properties are
studied. The ﬂexural fatigue behaviour of GGBFS-FA geopolymer concrete with steel slag is also studied in detail. Eﬀorts are also made
to model the probabilistic distribution of fatigue data of GGBFS-FA geopolymer concrete at diﬀerent stress levels using two parameters
Weibull distribution. The results indicated that incorporation of steel slag in GGBFS-FA geopolymer concrete resulted in slight reduc-
tion in mechanical strength. The water absorption and volume of permeable voids displayed higher values with inclusion of steel slag.
Reduction in number of cycles for fatigue failure was observed in geopolymer concrete mixes containing steel slag as compared to granite
aggregates. Overall, the performance of steel slag was found to be satisfactory for structural and pavement application and steel slag can
be recognised as new construction material.
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Peer review under responsibility of The Gulf Organisation for Research
and Development.1. Introduction
The development of eco-friendly and sustainable con-
struction materials has gained major attention by the con-
struction industry. With the augmented emissions of green
house gases, high energy consumption and environmental
hazards occurring from the increased cement production;
researchers are focussing on development of possible
alternatives to Ordinary Portland Cement (OPC). Alkaliduction and hosting by Elsevier B.V. All rights reserved.
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etc. can be looked upon as possible alternatives for OPC
and are fast gaining interest in the present day research
community. Geopolymer concrete possesses excellent
mechanical and durability properties (Davidovits, 1982,
1984; Swanepoel and Strydom, 2002). The geopolymers
can be produced by activating aluminosilicates rich source
materials using strong alkaline medium. Several studies on
the use of Fly Ash (FA) in the synthesis of geopolymeric
materials have been reported (Swanepoel and Strydom,
2002; Palomo et al., 1999; Fernandez-Timenez and
Palomo, 2000). The major reaction product formed in
geopolymers comprises of alumina-silicate-hydrate
(A-S-H) gel. Slow setting and slow strength development
rate are few drawbacks in the use of FA in geopolymers
(Swanepoel and Strydom, 2002). The activation energy
required for FA is high and hence heat curing becomes
an important parameter in activation of FA based geopoly-
mers (Jiang and Roy, 1990). However, the addition of
Ground Granulated Blast Furnace Slag (GGBFS) in FA
based geopolymer concrete has resulted in the attainment
of suﬃcient strength properties even in ambient condition
(Nath and Sarker, 2012; Rajamane, 2013), without any
need for heat curing; which is mainly due to formation
Calcium Silicate Hydrate (C-S-H) from the activation of
GGBFS (Li and Liu, 2007). The properties of FA based
geopolymers depend upon the type of alkaline activator,
activator modulus and sodium oxide dosage of alkaline
activator, type of curing, curing time and temperature,
water to binder ratio etc. (Voraa and Dave, 2013).
The demand for aggregates for concrete production has
escalated with the increase in large scale infrastructure and
construction projects in many countries. This has led to
increased focus on identiﬁcation of alternatives to natural
aggregates with the intention of conserving the natural
aggregates for future and to maintain ecological balance.
The wastes generated from industries are looked upon as
possible alternatives to be used in concrete production.
Steel slag, a waste product generated from steel industry
can be seen as potential alternative to natural aggregates.
The disposal of steel slag in dump yards is usually associ-
ated with high costs along with negative impact on the
environment. The use of steel slag in concrete will not only
help in conserving the natural aggregate resources but will
also reduce the landﬁll space thus leading to the reduction
of the environmental hazards occurring from its disposal.
The steel slag is generally produced using basic oxygen fur-
nace or electric arc furnace and hence based on the tech-
nique applied, the steel slag may exist as Basic Oxygen
Furnace (BOF) slag or Electric Arc Furnace (EAF). Based
on the types of ﬂuxes or additives used during the
manufacture of steel, the EAF steel slag slightly varies in
its chemical and physical properties from BOF steel slag
(Fruehan, 1985). However the steel slag aggregates are
associated with problems such as volume deformation
which is mainly due to the presence of free lime or magne-
sia. When the free lime comes in contact with water in thepresence of atmospheric carbon dioxide, it undergoes reac-
tion to form calcium carbonate thus causing volume defor-
mation. Another problem related to steel slag is the high
speciﬁc gravity of the aggregates. Due to these issues
related to steel slag, the use of steel slag in concrete is lim-
ited. One of the possible solutions to the expansive nature
of steel slag aggregates is to allow the aggregates to
undergo weathering for a period of three to 6 months to
bring the free lime and magnesia under permissible limits
(Australian Slag Association, 2002). A thin layer of cal-
cium carbonate (CaCO3) is formed, which is visible on
the steel slag aggregate surface after weathering, thus
undergoing slight changes in its physical characteristics
(van Der Laan et al., 2008).
Studies conducted by several authors in the past with the
use of steel slag coarse aggregates in OPC concrete have
revealed the performance of steel slag coarse aggregates
to be satisfactory or better than natural aggregates such
as limestone, gravel, gabbro, etc. (Shekarchi et al., 2003;
Maslehuddin et al., 2003; Alizadeh et al., 1996; Taha
et al., 2014). The studies reported the steel slag aggregates
to have improved the mechanical properties on account of
its angular shape, better interlocking and rough texture.
However, few authors have reported that the incorporation
of steel slag aggregates in OPC concrete led to similar or
slight reduction of strength properties of concrete as com-
pared to natural aggregates (Manso et al., 2004; Carlo
et al., 2013; Gonza´lez-Ortega et al., 2014; Ivanka et al.,
2011). However, no attempts have been made up to date
to investigate the performance of steel slag coarse aggre-
gates in alkali activated binder concrete and hence there
is a need for further studies to be carried out in this regard.
Concrete pavements are usually subjected to heavy
vehicular traﬃc and have to endure large number of repet-
itive cyclic loadings during their service life. Fatigue failure
occurring from repetitive cyclic loadings is one of the prime
causes for the failure of concrete pavements and hence the
design of concrete pavements considering fatigue failure is
requisite in most design codes. Fatigue failure in concrete
pavements usually takes place at load lower than the design
load. Fatigue failure is a slow process and occurs due to
formation and propagation of internal micro cracks under
the action of cyclic loadings, thus causing progressive and
permanent damage to the structure (Hui et al., 2007; Lee
and Barr, 2004). The fatigue data of concrete are generally
represented using S-N curves which gives a clear picture on
the distribution of fatigue lives at diﬀerent stress levels. The
fatigue data are generally random and display wide scatter
and hence probabilistic concepts are used to analyse the
fatigue data for better understanding. The studies on the
fatigue behaviour of geopolymer concrete are meagrely
available in the concrete literature.
The present study is aimed to investigate the
performance of weathered steel slag coarse aggregates in
GGBFS-FA blended geopolymer concrete mixes for applica-
tion in pavement quality concrete (PQC). GGBFS is blended
in FA-based geopolymer in the ratio GGBFS:FA: 25:75
Table 1
Chemical composition of FA, GGBFS and steel slag (% by weight).
Constituents GGBFS Fly Ash Steel slag
CaO 34.22 0.79 41.52
Al2O3 17.14 32.17 4.12
Fe2O3 1.22 2.93 22.54
SiO2 32.52 58.87 15.04
MgO 9.65 0.92 6.17
Na2O 0.16 0.37 0.14
K2O 0.07 1.14 0.05
SO3 0.88 0.49 0.08
Insoluble residue 4.03 2.31 9.97
Loss of ignition 0.04 0.03 0.25
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suﬃcient strength for concrete pavements. Trials are car-
ried out and the mix design is optimised. The steel slag
coarse aggregates are incorporated in the GGBFS-FA
geopolymer mixes by partially/fully replacing (by volume)
the natural granite aggregates. Fresh and hardened state
properties are evaluated and compared with conven-
tional OPC concrete of similar compressive strength
grade. The ﬂexural fatigue behaviour of the GGBFS-FA
geopolymer mixes is investigated for diﬀerent stress levels





Ordinary Portland Cement (OPC) 43 grade conforming
to requirements of IS: 8112-2001 was procured from a local
supplier for preparation of control concrete mix. The OPC
had a speciﬁc gravity of 3.14 and ﬁneness of 340 m2/kg.
The OPC achieved 7-day and 28-day compressive strengths
of 39.0 MPa and 54.5 MPa respectively when tested using
standard methods.
2.1.2. Binder
In the present study, Fly Ash (FA) and Ground
Granulated Blast Furnace Slag (GGBFS) were blended
and used as binder to produce geopolymer concrete.
Class ‘F’ FA in compliance with IS: 3812-2003 was
obtained from Raichur Thermal Power Station (RTPS),Table 2
Physical characteristics of aggregates.
SI. No Test Cru
1 Speciﬁc gravity 2.69
2 Bulk density
(a) Dry loose 1495
(b) Dry compact 1653
3 Crushing value 24%
4 Los Angeles Abrasion value 20%
5 Impact value 21%
6 Water absorption 0.50Raichur, India while the GGBFS in accordance with IS:
12089-1987 was collected from JSW Iron and Steel Plant,
Bellary, India. Both FA and GGBFS were stored in a
dry place in order to avoid the eﬀect of moisture. The
FA had a speciﬁc gravity of 2.2 with ﬁneness of
350 m2/kg while GGBFS had a speciﬁc gravity of 2.9 with
ﬁneness of 370 m2/kg. The chemical composition of FA
and GGBFS is presented in Table 1.
2.1.3. Alkali activator solution
The alkaline activator used for the activation of
GGBFS-FA geopolymer concrete was combination of
Sodium Hydroxide (NaOH) ﬂakes and Liquid Sodium
Silicate (Na2SiO3) along with potable water. Commercial
grade NaOH ﬂakes with 97% purity and density =
2110 kg/m3 was procured from a local supplier. The liquid
sodium silicate having a density of 1570 kg/m3 was com-
posed of 14.7% Na2O + 32.8% SiO2 + 52.5% H2O by mass
as obtained from the supplier. Potable tap water available
in the institution was used for the preparation of the acti-
vator solution.
2.1.4. Aggregates
Crushed granite chips with a Maximum Aggregate Size
(MAS) of 20 mm were used as coarse aggregates while river
sand was used as ﬁne aggregates. The coarse and ﬁne
aggregates procured satisﬁed the requirements of IS:
383-1970. Basic physical tests on the aggregates were con-
ducted as per relevant Indian standard codes IS:
2386-1963 and the results are tabulated in Table 2.
2.1.4.1. Steel slag aggregates. In the present investigation,
steel slag (BOF slag) coarse aggregates procured from
JSW Iron and Steel Plant, Bellary, India were used to
replace the natural coarse aggregates. The steel slag when
obtained from the source was black in colour having an
angular shape and porous rough surface texture. The pres-
ence of free lime and magnesia in steel slag aggregates is
detrimental for concrete production since it causes volume
deformation leading to long term properties of concrete.
Hence, it was decided to subject the steel slag aggregates
to open air weathering. Open air weathering was carried
out by spreading the steel slag aggregates in layers in an
open area and spraying water on it regularly up to 180 days
in order to bring the free lime and magnesia undershed granite Steel slag River sand
3.35 2.64
kg/m3 1726 kg/m3 1475 kg/m3
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steel slag aggregates containing free lime content less than
1% are non expansive (Mathur et al., 1999; Motz and
Geiseler, 2001). Kandhal and Hoﬀman (1997) investigated
steel slag aggregates from ten diﬀerent sources and
reported that steel slag aggregates display negligible expan-
sion in the range 0.0–0.3% after being weathered for six
months. The steel slag was tested for free lime content
using the Ethylene Glycol Extraction method (Gebhardt,
1988) before and after the weathering process. The free
lime content before weathering was found to be 5.33%,
which was reduced to 0.16% at the end of the weathering
process. After the completion of the weathering process,
the test for determination of volume stability of steel slag
aggregates was performed by using the modiﬁed
auto-clave technique developed by Edw. C. Levy company
(Yildirim and Prezzi, 2009; Alexander and Jeﬀery, 2014)
and it was noted that the steel slag aggregates displayed
negligible volume expansion of 0.091%. It was noticed that
the aggregates had undergone changes in their appearance
and physical properties after the completion of weathering
process. The steel slag aggregates displayed a thin white
powdery ﬁlm or coating of calcium carbonate (CaCO3)(a) Steel slag aggregates before weathering process (ba
(c) Enlarged image of steel slag aggregate disp
Figure 1. Image showing steel slag aggregatwhich was apparently visible on the aggregate surface.
The weathered steel slag aggregates were subjected to
washing to check if the calcite ﬁlm could be removed, how-
ever it was found that the calcite layer was strongly
adhered to aggregate surface. The calcite layer on the
aggregate surface was formed due to reaction of free lime
or magnesia with water and atmospheric carbon dioxide
to form calcium carbonate (FHWA, 2012). Fig. 1 presents
the images of steel slag aggregates before and after under-
going the weathering process. In the present study, steel
slag aggregates with MAS of 20 mm were used. The steel
slag is chemically composed of oxides of iron, calcium
and silicon as the major composition along with oxides
of magnesium, aluminium and other metals in minor quan-
tities. The chemical composition and physical properties of
steel slag are presented in Tables 1 and 2 respectively.
Table 3 presents the gradation of the aggregates used for
the present study.
2.1.5. Super-plasticizer
CONPLAST SP 430 super plasticizer manufactured by
FOSROC chemicals (India) Pvt. Ltd. is used in this inves-
tigation to improve the workability of OPC mixes.) Formation of thin film of calcite on slag 
ggregates after undergoing  weathering process
laying the presence of coating of calcite
es before and after weathering process.
Table 3
Gradation of aggregates.
Fine aggregates Coarse aggregates
Sieve No (mm) IS:383-1970 requirement Passing (%) Sieve No (mm) IS:383-1970 requirement Passing (%)
Natural aggregates Steel slag
10 100 100 20 95–100 98 96
4.75 90–100 98.5 10 25–55 40 36
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The guidelines suggested by Indian Standard Code IS:
10262-2009 was used for mix design of the OPC based con-
trol mix. The OPC mix was designed to achieve a strength
around 50 MPa (on cube size of 100 mm) with a slump of
25–50 mm. Based on trials, the water binder (w/b) ratio of
0.4 and a cement content of 425 kg/m3 with ﬁne: coarse
aggregate ratio of 0.36:0.64 were selected. To achieve the
required slump, a super-plasticizer dosage of 0.4% (by
weight of cement content) was added.
The mix design for geopolymer concrete mixes was
based on several trials since there is no standardised code
available. Same binder content of 425 kg/m3 as that of
OPC concrete was selected for the mix design of
GGBFS-FA based geopolymer concrete. Since the use of
FA alone as the sole binder did not provide suﬃcient
strength at ambient curing conditions, 25% (by weight of
total binder) of FA was replaced with GGBFS thus
maintaining GGBFS:FA ratio 0.25:0.75 in the total binder
content. The GGBFS was included in the FA-based
geopolymer with the intention to achieve suﬃcient strength
at air curing conditions and avoid the requirement of heat
curing, thus making friendly concrete for actual site
conditions.
Preliminary trail mixes were carried out to identify the
optimal activator modulus Ms (SiO2/Na2O) and sodium
oxide dosage (% Na2O by weight of binder) required to
achieve a strength of similar grade (50 MPa) and slump
(25–50 mm) as that of OPC control concrete (Palankar
et al., 2014). Based on the results obtained from trial mixes,
the ingredients (sodium hydroxide, liquid sodium silicate
and water) of activator solution were proportioned to deli-
ver a sodium oxide dosage of 5.5% (by weight of binder)
with activator modulus of 1.5 and water to binder (w/b)
ratio of 0.37. The water content readily available in the
liquid sodium silicate was considered while calculating
the total water requirement to obtain the required water
to binder ratio of 0.37. Super-plasticizers were not added
to the GGBFS-FA geopolymer mixes since the geopolymer
mixes attained target workability without the need of
super-plasticizers. After the optimisation of mix design,
the steel slag coarse aggregates were incorporated in the
GGBFS-FA geopolymer concrete mixes by replacing thenatural granite aggregates at diﬀerent levels of replacement
i.e. 0%, 25%, 50%, 75% and 100% (by volume) keeping the
volume of total coarse aggregates constant. The
GGBFS-FA geopolymer mixes with 100% granite
aggregates are considered as that reference mix to check
the performance of steel slag coarse aggregates. The details
of the mix design of concrete mixes are tabulated in
Table 4.
A ribbon type horizontal mixer was used mixing of the
concrete ingredients. Initially the ingredients i.e. binder
and aggregates were dry mixed and then solution was
added to the dry ingredients. After thorough mixing, the
fresh concrete was tested for slump and immediately
poured in moulds for the preparation of samples for testing
hardened properties. Cube specimens of dimensions
100  100  100 mm were cast for testing properties such
as compressive strength, water absorption and volume of
permeable voids. Cylinders of size dia  300 mm height
were cast for testing the modulus of elasticity while the ﬂex-
ural strength and fatigue tests were done on prism of size
100  100  500 mm. The split tensile test was conducted
on samples of size 100 mm dia  200 mm height. The con-
crete samples were demoulded after 24 h of casting and
subjected to curing regime. The GGBFS-FA geopolymer
specimens were subjected to air curing at relative humidity
of 85 ± 5% and room temperature (27 ± 3 C), while the
OPC concrete specimen were cured in water tank. Har-
dened properties of the concrete mixes were evaluated at
diﬀerent ages by recording average of three samples for
each test.
2.3. Flexural fatigue behaviour of concrete mixes
Fatigue is one of the principal modes of failure to be
considered in the design of structures/pavements which
are subjected to repeated application of load. The ﬂexural
fatigue tests were carried out on concrete beam specimens
of size 100  100  500 mm on MTS servo-controlled
hydraulic accelerated fatigue testing machine having 5
tonne capacity. The computer system is interfaced in such
a way that entire operation of fatigue machine can be oper-
ated through it such as controlling the wave form of load
application, magnitude of load, applied frequency and
count of load repetition till the failure of specimen. The
Table 4
Details of mix proportions of concrete mixes (all quantities are in kg/m3).
Mix ID OPC GGBFS FA Sand Granite aggregate Steel slag Sodium silicate NaOH Added water
OPC 425 – – 660 1195 – – – 170
GPC-0 – 106 319 583 1121 0 106.9 9.81 101
GPC-25 – 106 319 583 841 349 106.9 9.81 101
GPC-50 – 106 319 583 561 698 106.9 9.81 101
GPC-75 – 106 319 583 280 1047 106.9 9.81 101
GPC-100 – 106 319 583 0 1396 106.9 9.81 101
Note: OPC - represents Portland cement based control mix; GPC - represents GGBFS-FA based geopolymer reference mix with granite aggregates; GPC-
X represents GGBFS-FA based geopolymer mixes with X (% by volume) of granite aggregates replaced with steel slag coarse aggregates.
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samples containing 0%, 50% and 100% steel slag coarse
aggregates and on OPC control mix. The fatigue tests on
samples were conducted after 90 days of curing in order
to avoid the variation in results occurring from progressive
strength development up to 90 days. Before beginning the
fatigue testing, the ﬂexural strength of the concrete mixes
at 90 days was noted, to determine the required stress ratio
(ratio of applied stress to the average static ﬂexural stress)
for fatigue testing. The fatigue specimens are tested as sim-
ply supported beams over a span of 400 mm and loaded at
one third points, similar to loading pattern followed in case
of static ﬂexural test. The specimens were loaded using con-
stant amplitude half sinusoidal wave form at constant fre-
quency of 4 Hz without any rest period until complete
failure of the sample. Fatigue tests were conducted at dif-
ferent stress ratios ‘S’ i.e. 0.85, 0.80, 0.75 and 0.70 and
the number of cycles for failure ‘N’ (Fatigue life) is
recorded for each specimen. A total of 80 prism samples
were tested with ﬁve samples for every stress ratio per
mix. The complete fatigue data of each concrete mix are
represented using S-N curves for understanding the fatigue
behaviour. The experimental set up of fatigue testing
machine is presented in Fig. 2.
2.4. Accelerated fatigue testing equipment
The equipment has the following components:
(a) Loading system consists of a hydraulic cylinder with
suitable mountings. It has an associated power pack
unit consisting of pump (1 HP, 3-phase, 1440 rpm),
servo valve, pressure gauge etc. Load cells are being
used to sense the applied load to the specimen during
testing. The load cell used herein for testing is of
capacity 50 kN (5000 kg).
(b) Deﬂection Recorder Longitudinal and Vertical Deﬂec-
tions Tester (LVDTs) are being used to sense the
deﬂections. They have deformation measurement
range 0–20 mm.
(c) Frequency and Wave Form of loading: the loading is
generally with half sinusoidal wave form. The appli-
cation frequency can be between 1 and 5 Hz with or
without rest period.(d) Servo Ampliﬁer System is used to link the function
generator and the servo valve.
(e) Control Unit monitors all the operations including
control of load, repetitions etc. It is attached to a
computer with an ADD-ON Card to acquire or log
the data. (Data acquisition card).
3. Results and discussions
3.1. Workability and unit weight of concrete mixes
The workability of the fresh concrete mixes was deter-
mined by conducting the slump test according to the proce-
dure suggested by IS: 1199:1959 using a slump cone setup
and the results are presented in Table 5. From the slump
tests results, it can be observed that all the concrete mixes
attained the target slump values for which they were tar-
geted. The GGBFS-FA geopolymer GPC-100 with 100%
steel slag coarse aggregates recorded the lowest slump
value as compared to other geopolymer mixes. The slump
values decrease with the increase in steel slag content in
the geopolymer mixes. This is probably due to the angular
shape of the steel slag coarse aggregates which aﬀect mobil-
ity of the matrix, thus leading to reduced workability
(Gambhir, 2004; Carlo et al., 2013). The concrete mixes
containing steel slag coarse aggregates would demand
slightly higher water/binder ratio to achieve the target
workability as compared to traditional aggregates. How-
ever, the mix GPC-25 containing 25% steel slag aggregates
did not display signiﬁcant loss in the slump values. The
GGBFS-FA geopolymer mixes achieved the target worka-
bility without any need for super-plasticizers as that of
OPC mix. The unit weights of the OPC and GGBFS-FA
geopolymer concrete are tabulated in Table 5. The
GGGBFS-FA geopolymer mix GPC-100 with 100% steel
slag recorded the highest unit weight while the mix
GPC-0 recorded the lowest. The high unit weight with
mixes containing steel slag aggregates is due to the higher
speciﬁc gravity of steel slag as compared to granite aggre-
gates. The unit weight of geopolymer mixes was in the
range 23.90–26.40 kN/m3. However higher unit weight of
mixes containing steel slag aggregates may not be of such
concern for use in concrete pavements.
(a) Accelerated Fatigue Testing Equipment
(b) Concrete sample before failure (c) Failed sample after fatigue test
Figure 2. Image showing fatigue testing machine and concrete samples before and after fatigue test.
Table 5
Compressive strength results of various concrete mixes at diﬀerent ages.
Mix ID Compressive strength (MPa) Slump Unit weight
3 days 7 days 28 days 90 days (mm) (kN/m3)
OPC 23.1 40.4 55.9 62.8 35 24.8
GPC-0 33.5 44.6 56.8 63.4 50 23.9
GPC-25 31.4 41.6 56.1 61.4 55 24.5
GPC-50 29.8 40.9 53.4 59.9 35 25.3
GPC-75 29.4 37.3 52.7 57.6 35 25.9
GPC-100 26.3 34.5 49.6 55.7 20 26.4
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The test for compressive strength of concrete specimens
were conducted according to the procedure suggested by IS
516-1959. The results of compressive strength of concrete
mixes at 3, 7, 28 and 90 days of curing are presented in
Table 5. It can be noticed from the test data that all the
mixes achieved an average strength of 50 MPa or more
(55 ± 5 MPa) after 28 days of curing. The OPC andGGBFS-FA geopolymer concrete mixes displayed strength
development up to 90 days of curing. The GGBFS-FA
geopolymer mixes with granite aggregates (GPC-0)
attained similar strength as that of OPC concrete mixes
at both 28 and 90 days of curing. The compressive strength
of GGBFS-FA geopolymer concrete with 100% granite
aggregates (GPC-0) reached a maximum value of
56.8 MPa at 28 days of curing. However, the replacement
of granite aggregates with steel slag coarse aggregates led
N. Palankar et al. / International Journal of Sustainable Built Environment 4 (2015) 378–390 385to the decrease in the compressive strength of GGBFS-FA
geopolymer concrete mixes. The geopolymer concrete with
100% steel slag aggregates (GPC-100) attained the lowest
compressive strength of 49.6 MPa at 28 days of curing. A
decrease in the compressive strength of about 13% was
observed with replacement of granite aggregates with
100% steel slag aggregates in geopolymer mixes. The
decrease in compressive strength with increasing steel slag
aggregates is believed to be due to the existence of weak
aggregate and paste interface due to the presence of thin
coat of calcite on the surface of steel slag aggregates. The
failed specimen when examined visually showed occurrence
of de-bonding between paste and steel slag aggregates. It is
well known that the strength properties of concrete are sig-
niﬁcantly aﬀected by the strength of interfacial transition
zone. The presence of strong bond between the coating
and the paste as compared to that coating and aggregate
surface may develop a weak coating aggregate interface,
thus causing reduction in strength and durability properties
of concrete (Forster, 2006). The strength variation between
the three test specimens to calculate the average strength,
was greater in geopolymer mixes containing steel slag
aggregates due to the higher heterogeneity of steel slag par-
ticles as compared to granite aggregates. However, the
variation in strength was within limits of variability as sug-
gested by IS:456-2000. GGBFS-FA geopolymer mixes with
lower amounts of steel slag coarse aggregates (GPC-25) did
not display signiﬁcant changes in the strength.
The GGBFS-FA geopolymer mixes displayed high early
strength as compared to OPC control concrete mix. The
3-day and 7-day strength of GPC-0 is quite higher than
OPC concrete. This is believed to be due to the physical
and structural characteristics of the binding medium
formed in GGBFS-FA based geopolymer concrete. The
high early strength in GGBFS-FA geopolymer mixes is
mainly due to the inclusion of GGBFS, which undergoes
a faster hydration reaction in the presence of strong alka-
line medium as compared to the rate of hydration reaction
taking place in OPC mixes (Roy and Silsbee, 1992; Wang
and Scrivener, 1995). However, at 28 and 90 days the
OPC and geopolymer concrete mixes exhibit similar
strengths as rate of strength development in geopolymer
mixes slowed down after 7 days. The OPC and geopolymer
mixes with partial or complete replacement of granite
aggregate with steel slag achieved suﬃcient strength at
the end of 28 days required for structural and pavementTable 6
Tensile properties and modulus of elasticity of concrete mixes.
Mix ID Flexural Strength (MPa)
7 days 28 days 90 days
OPC 4.62 6.01 6.37
GPC-0 5.27 6.26 6.42
GPC-25 5.16 6.07 6.34
GPC-50 4.72 5.80 6.00
GPC-75 4.55 5.62 5.78
GPC-100 4.50 5.51 5.59application. The development of high early strength in
GGBFS-FA geopolymer mixes oﬀers great advantage in
concrete pavement construction as it would help in early
opening of diverted traﬃc to the newly constructed
pavements.
3.3. Tensile properties and modulus of elasticity
The tensile properties of OPC and geopolymer mixes
were evaluated by conducting ﬂexural strength test and
split tensile strength test according to IS: 516:1959 and
IS: 5816:1999 respectively. The ﬂexural test was conducted
at 7, 28 and 90 days of curing, while the split tensile
strength test was carried out at 28 days of curing and the
results of both are presented in Table 6. The ﬂexural
strength of GGBFS-FA geopolymer mixes displays a sim-
ilar decreasing trend as that of compressive strength, with
the inclusion of steel slag aggregates. The mix GPC-100
recorded the lowest ﬂexural strength of 5.51 MPa, while
the mix GPC-0 achieved the highest ﬂexural strength of
6.26 MPa at 28 days of curing. The mix GPC-100 showed
a decrease in ﬂexural strength of around 12% in compar-
ison with reference geopolymer mix GPC-0 at 28 days of
curing. The reduction in ﬂexural strength with increasing
steel slag aggregates may be again due to decreased
aggregate-paste bonding due to the presence of ﬁlm of cal-
cite as that in case of compressive strength, since tensile
strengths are dependent on the compressive strength of
concrete mixes. The split tensile strength also displayed a
decrease with the increase in steel slag aggregates in
GGBFS-FA geopolymer concretes. The mix GPC-0
achieved the highest split tensile strength of 4.10 MPa while
the mix GPC-100 recorded the lowest split tensile strength
of 3.49 MPa when tested at 28 days of curing. It was
noticed that the GGBFS-FA geopolymer mixes with
100% granite aggregates i.e. mix GPC-0 display quite
higher ﬂexural and split tensile strengths as compared to
OPC concrete mix despite both having similar compressive
strengths. This is believed to be due to the existence of dis-
tinct microstructure and highly dense interfacial transition
zone between the aggregates and the paste in GGBFS-FA
geopolymer mixes as compared to that in OPC concrete
mixes (Berna et al., 2012).
The modulus of elasticity tests of OPC and GGBFS-FA
geopolymer concrete mixes were conducted at 28 days of
curing as per IS: 516:1959 and the results are presentedSplit tensile strength (MPa) Modulus of elasticity (GPa)







Figure 4. Volume of permeable voids of concrete mixes at 28-days.
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geopolymer mixes with 100% granite aggregates (GPC-0)
attain similar 28-day compressive strength, the OPC mixes
display quite higher modulus elasticity as compared to
geopolymer mixes. This may be attributed to the diﬀer-
ences in binder material properties and binder chemistry
which aﬀects the relationship between 28-day compressive
strength and other mechanical such as elastic modulus, ten-
sile properties (Soﬁ et al., 2007; Diaz-Loya et al., 2011).
The geopolymers generally vary in the rate of strength
development and have diﬀerences in microstructure as
compared to OPC which lead to variation in tensile and
elastic properties, thus may not obey the well established
or standardised relationships between compressive strength
and other properties (Provis, 2013). The modulus of elastic-
ity of GGBFS-FA geopolymer mixes decreased with an
increase in steel slag coarse aggregates. However, the
decrease in the modulus of elasticity is marginal at lower
levels of replacement i.e. up to 25%. The modulus of elas-
ticity of high performance concrete is aﬀected by the type
and properties of coarse aggregates, along with the nature
of interfacial transition between the aggregates and the
paste. The inﬂuence of aggregates on modulus of elasticity
becomes smaller with decreasing strength of concrete
(Alexander and Milne, 1995).3.4. Water absorption and volume of permeable voids
The tests for water absorption and Volume of
Permeable Voids (VPV) of OPC and GGBFS-FA based
geopolymer were conducted as per ASTM C 642-06 at
28 days of curing. Figs. 3 and 4 present the water
absorption and VPV of concrete mixes at 28 days of curing.
The water absorption and subsequent total porosity
increase with the replacement of steel slag aggregates in
GGBFS-FA geopolymer mixes. This may be attributed
to higher water absorption of steel slag aggregates as
compared to granite aggregates. The presence of porous
structure in steel slag may have resulted in an increase in
VPV in geopolymer mixes containing steel slag. The results
obtained are in agreement with the literature (Manso et al.,Figure 3. Water absorption of various concrete mixes at 28-days.2004). At lower level of replacement of steel slag (GPC-25),
the water absorption and VPV are marginally higher than
reference geopolymer mix (GPC-0) but beyond that the
water absorption and VPV increased considerably. The
mix GPC-100 recorded the highest water absorption and
VPV amongst all the geopolymer mixes. It can be noticed
that the OPC control concrete displays lower water absorp-
tion and VPV as compared to GGBFS-FA geopolymer
mixes even when the water to binder (w/c) ratio of
GGBFS-FA geopolymer concrete is lower than OPC mix.
This may be due to the nature of the gel type forming in
the binder. C–S–H binding type gels formed in OPC gener-
ally is denser than alkali aluminosilicate type gels formed in
geopolymers. The presence of more bound water, induced
by the presence of Ca in C–A–S–H type products, provides
greater pore-ﬁlling capacity to this type of gel than
geopolymer type gels (Ismail et al., 2013). Binding gels
formed in diﬀerent types of binders promote diﬀerent pore
structures and hence diﬀerent porosities (Provis et al.,
2012).3.5. Fatigue behaviour of concrete mixes
The experimental results (one set of readings) of fatigue
tests on OPC and GGBFS-FA geopolymer concrete mixes
tested at diﬀerent stress levels are presented in Table 7. The
use of S-N curves provides the most basic information
about the fatigue behaviour of concrete samples. ‘S’
denotes stress level and ‘N’ denotes the number of stress
cycles to complete fracture (fatigue life). The S-N curve
with linear S verses logN scale is the most common and
is used almost exclusively in engineering. In general, S-N
curves represent progressive structural deterioration and
gradual breaking of bonds. Fig. 5 presents the S-N curves
for OPC and geopolymer concrete mixes obtained by plot-
ting stress ratio v/s fatigue cycle for failure. The equations
for best ﬁt straight lines generated using S-N relations are
tabulated in Table 8. These equations are now utilised to
estimate the fatigue cycle for various combinations of stress
ratios.
From Table 7, it may be observed that the GGBFS-FA
geopolymer mixes with 100% granite aggregates GPC-0
Table 7
Fatigue life of OPC and geopolymer specimens.
Mix ID OPC GPC-0 GPC-50 GPC-100
Stress level
0.85 317 422 391 306
0.80 1986 2175 1910 1469
0.75 57,835 67,963 54,278 47,213
0.70 97,587 100,896 87,633 81,204
Table 8
Relationship between fatigue cycle (N) and stress ratio (SR).
Mix ID Equations R2
OPC ln(N) = 0.953  SR/0.02 0.903
GPC-0 ln(N) = 0.957  SR/0.02 0.856
GPC-50 ln(N) = 0.954  SR/0.02 0.885
GPC-100 ln(N) = 0.955  SR/0.02 0.886
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levels displaying better fatigue performance than OPC con-
crete. The presence of highly dense interfacial zone between
the aggregates and paste (Berna et al., 2012) in GGBFS-FA
geopolymer concrete mixes prevents the early formation of
micro cracks which is the major cause for fatigue failure.
However, it may be noticed the fatigue resistance of
GGBFS-FA geopolymer concrete mixes reduced with the
inclusion of steel slag aggregates. The mix GPC-100 fails
at lower number of cycles as compared to GPC-0. This
may be attributed to the early formation and faster
propagation of micro cracks in GPC-100 due to existenceFigure 5. S-N curves for vof coating which weakens the interfacial transition zone
leading to early fatigue failure as compared to GPC-0. It
is well known in concrete research that aggregate surface
texture inﬂuences the bond strength and stress level at
which micro cracking begins (Taha et al., 2014). It was
observed that failure of the specimen took place within
the middle one third spans of the beams when examined
visually. The concrete specimens fail at relatively lower
number of cycles at higher stress levels (0.85, 0.80) in com-
parison with lower stress levels (0.75, 0.70) which undergo
more number of cycles to failure, thus indicating the eﬀect
of stress levels on the fatigue life of concrete samples. Fromarious concrete mixes.
Table 9
Values of Weibull parameters for concrete mixes at diﬀerent stress levels.
Mix ID OPCC GPC-0
Stress level a l R2 a l R2
0.85 1.578 207 0.972 1.045 318 0.912
0.80 1.568 1366 0.963 1.851 1674 0.942
0.75 1.185 42,184 0.955 1.165 55,185 0.883
0.70 1.752 71,790 0.988 0.977 80,813 0.898
Mix ID GPC-50 GPC-100
Stress level a l R2 a l R2
0.85 1.087 258 0.964 1.296 224 0.896
0.80 1.161 1564 0.893 2.254 1293 0.934
0.75 0.867 38,985 0.948 0.717 39,900 0.850
0.70 2.119 68,043 0.97 1.581 62,545 0.928
Figure 6. Graphical analysis of fatigue data for GPC-50 at stress level of
0.85.
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coeﬃcients obtained from the S-N curves for OPC and
geopolymer mixes at diﬀerent stress levels are in the range
0.85–0.90 representing statistical relevance of the fatigue
data.
3.6. Probabilistic analysis of fatigue test data
The experimental fatigue data of concrete generally
exhibit scatter and variability even when tested under con-
trolled due to heterogeneity of materials and other reasons.
Hence, in order to obtain satisfactory information on fati-
gue resistance and prediction of fatigue life of structures, it
is desirable to make use of probabilistic approach in the
fatigue design of structures (Ramakrishnan et al., 1996).
The fatigue data of OPC and GGBFS-FA geopolymer con-
crete mixes were statistically analysed at each stress level to
obtain fatigue equation with survival probability. Due to
its relative ease in use, well developed statistics and sound
experimental veriﬁcation, the two parameter Weibull distri-
bution is the most widely accepted method for analysing
fatigue data of concrete structures (Oh, 1991; Kumar
et al., 2012; Mohammadi and Kaushik, 2005). The Weibull
distribution takes into account two major parameters; ‘a’
which deﬁnes the shape of the distribution and ‘l’ which
deﬁnes the characteristic life. The parameters a and l can
be estimated using diﬀerent methods, however in this inves-
tigation, the graphical method is used due to its relative
ease in use.
3.7. Estimation of Weibull distribution parameters using
Graphical method
The survival function of Weibull distribution can be
expressed as follows:
LNðnÞ ¼ exp  nl
 a 
ð1Þ
‘n’ represents speciﬁc value of random variable, ‘a’ repre-
sents shape parameter or Weibull slope at stress level ‘S’
and l characteristic life at stress level ‘S’.Taking twice the





¼ a ln ðnÞ  a ln ðlÞ ð2Þ
Eq. (2) may be written in the following form:
Y ¼ aX  B ð3Þ




and B = a ln (l).
The distribution parameters ‘a’ and ‘l’ can be obtained
from the straight line if fatigue life data follow Weibull dis-
tribution, which is possible if the relationship between X
and Y in Eq. (3) is linear. Hence, linear regression analysisis performed for fatigue life data of OPC and geopolymer
mixes to get the relation for each stress level ‘S’ as in
Eq. (3).
The empirical survivorship function LN (n) for each
fatigue life data at a given stress level is calculated using
the following Eq. (4) (Mohammadi and Kaushik, 2005;
Ganesan et al., 2013).
LNðnÞ ¼ 1 ik þ 1 ð4Þ
where ‘i’ represents failure order number and ‘k’ repre-
sents sample size under consideration at a particular stress
level.
By plotting a graph between ln ln 1LNðnÞ
 h i
and ln (n), the
parameters ‘a’ and ‘l’ of Weibull distribution can be
directly obtained; where slope of line provides shape factor
‘a’ while the characteristic life ‘l’ can be calculated from
the equation, B = a ln (l). The graph between
ln ln 1LNðnÞ
 h i
and ln (n) is plotted for all the stress levels
and for all concrete mixes and the Weibull distribution
parameters are calculated. The Weibull distribution
parameters for OPC and GGBFS-FA geopolymer concrete
mixes at diﬀerent stress levels are tabulated in Table 9.
Fig. 6 presents the sample plot for GGBFS-FA mixes
GPC-50 at stress level of 0.85. From Table 9, it may be
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stress levels are in the range 0.85–0.99 thus indicating that
the fatigue life data for GGBFS-FA geopolymer and OPC
mixes follow Weibull distribution.
4. Conclusions
The major conclusions from the present investigation
are listed as follows:
1. The incorporation of steel slag coarse aggregates in
GGBFS-FA geopolymer mixes yielded slightly lower
fresh and mechanical properties. GGBFS-FA geopoly-
mer mixes with steel slag coarse aggregates recorded
slightly lower compressive strength along with lower
tensile strength and modulus of elasticity as compared
to GGBFS-FA geopolymer with granite aggregates;
due to the presence of a thin layer of calcite on the
aggregate surface thus leading to a weak aggregate–
paste interface.
2. The water absorption and volume of permeable voids
show higher values with higher contents of steel slag
coarse aggregates in GGBFS-FA geopolymer, due to
higher water absorption and porous structure of the
steel slag coarse aggregates.
3. The fatigue resistance of GGBFS-FA geopolymer con-
crete mixes decreased with the replacement of granite
aggregates with higher contents of steel slag aggregates.
The fatigue life data of OPC and geopolymer concrete
mixes can be approximately modelled using the Weibull
distribution method.
4. The incorporation of steel slag in GGBFS-FA geopoly-
mer concrete yielded satisfactory results for application
in structural and pavement applications. The consump-
tion of steel slag aggregates in concrete production will
address the problems related to aggregate shortage in
future and also provide partial solutions to the disposal
of steel slag.
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